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 Effect of syngas impurities on energy consumption of PVSA process is studied  
 2% lower N2 concentration in syngas leads to 55% reduction in energy consumption 
 Development of novel adsorbents with better N2 removal performances is required  
 
Abstract 
The most viable technology for production of ultra-pure hydrogen (>99.99%), required for 
fuel cells, is steam methane reforming (SMR) coupled with pressure vacuum swing 
adsorption (PVSA). A PVSA process with a two-layer bed of activated carbon (AC)/zeolite 5A 











of exploring the effect of impurities on energy intensity of the process. The simulated 
concentration profiles showed that CH4 was removed by first half of the AC layer, CO2 and 
CO were mostly removed by the end of that layer, but zeolite 5A (the second layer) could 
not completely remove the remaining N2. Further, the effect of the N2 on performance of 
the PVSA process was demonstrated by simulating purification of two feeds with 3.1 and 1.1 
vol% N2, respectively. The 2% drop in N2 concentration in the syngas feed resulted in 
decreased energy consumption of the PVSA process from 940 kJ/kg to 430 kJ/kg H2, while H2 
recovery increased from 47% to 55%. Therefore, the presence of N2 has a very large impact 
on recovery and energy intensity of the ultra-pure hydrogen production process, and 
development of adsorbents with better N2 removal performances is required.  
Abbreviations 
AC activated carbon 
AD adsorption 
AD&PPG adsorption and providing purge 
BD blow down 
BFW boiler feed water 
CSS cyclic steady state 
E exchanger 
ED1 first equalisation depressurisation 
ED2 second equalisation depressurisation 
EP1 first equalisation pressurisation 
EP2 second equalisation pressurisation 
GHG greenhouse gas 
LDF linear driving force 
ODE ordinary differential equation 













PSA pressure swing adsorption 
PVSA pressure vacuum swing adsorption 
RP repressurisation 
SMR steam methane reforming 
TSA temperature swing adsorption 
VA vacuum 
 
Keywords: syngas impurities; pressure vacuum swing adsorption; fuel cell specifications; 
cyclic adsorption process; hydrogen production 
 
Nomenclature: 
Item Description Unit 
ap specific pore surface area of adsorbent m2/m3 

































𝛾 Cp/Cv ratio  (−) 𝜖 bed porosity (−) 𝜖𝑝 particle porosity (−) 𝜌𝑝 density of adsorbent particle 𝑘𝑔𝑚3 𝜌𝑏 bulk density of adsorbent 𝑘𝑔𝑚3 𝜌𝑤 density of wall 𝑘𝑔𝑚3 𝜇 gas viscosity 𝑘𝑔𝑚𝑠 
λ coefficient of axial heat dispersion  𝐽𝑠𝑚𝐾 (−∆𝐻𝑎𝑑𝑠)𝑖  component i heat of adsorption  𝐽𝑚𝑜𝑙 
 
1. Introduction 
Fossil fuel use in the transportation sector over the past century has experienced 
tremendous growth due to increases in the quality of life and the world economy. On the 
other hand, utilisation of fossil fuels in the transport sector contributed considerably to 
urban air pollution and now accounts for 29% of global greenhouse gas (GHG) emissions, 
which demands an urgent solution [1–6]. Hydrogen fuel cells have been considered as one 
of the best solutions for achieving zero-emission targets since the only product is water [7–
10].  
Several methods exist for hydrogen production, including solid oxide steam electrolysis, 
photoelectrochemical water splitting, electrolytic hydrogen generation, steam methane 
reforming (SMR), polyetherimide (PEI) membranes, and partial oxidation and thermal 
decomposition of fossil fuels [11–18]. Among these methods, SMR combined with pressure 











production of hydrogen that can meet the required specification of hydrogen fuel cells. In 
this method, a SMR unit produces syngas containing 70-80% H2, 15-30% CO2, 2-4% CH4, 0.5-
2% CO, and 1-3% N2, which is followed by a PSA unit that removes impurities and produces 
ultra-pure hydrogen (>99.99% H2, <10 ppm CO) [19,20].  
Adsorbents used in PSA units should have high adsorption capacity and be capable of 
removing all the impurities. However, N2 and CO removal are challenging, since 
conventional adsorbents have much higher affinities towards CO2 and CH4. Finding a single 
adsorbent with high removal capacity for all impurities is difficult and, usually, a multi-layer 
configuration of different sorbents is used in PSA units [21–25]. The commonly employed 
first layer in commercial PSA units is activated carbon (AC), which is used for adsorption of 
CO2 and CH4. The second layer is zeolite, used for adsorption of CO and N2 [24]. Since zeolite 
cannot be regenerated at atmospheric conditions, evacuation (pressure vacuum swing 
adsorption, PVSA) is required [20]. 
Nitrogen in produced syngas originates from natural gas and, also, from the dry-seal gas of 
the compressors that are required during the compression of natural gas in transmission 
pipelines, and the compressors of the SMR unit. Zhong et al. [27] suggested using hydrogen 
for sealing of compressors; however, this raises the safety risk, because the dry-seal gas 
should be inert to prevent any potential explosion. Carbon dioxide is also an alternative for 
sealing of compressors that feed the hydrogen production unit of refineries, since it can be 
removed much more easily than nitrogen in PSA units. The syngas produced by steam 
reforming of ethanol is highly interesting because CH4, CO and CO2 are the only impurities. 
Abdeljaoued et al. [25] used a four-bed PSA process with 12 steps for a feed stream with 











achieving 75.5% recovery. Wei et al. [28] modelled a one-column PVSA process for syngas 
containing 79% H2, 1.2% CO, 17% CO2, 0.7% N2, and 2.1% CH4, and the simulations predicted 
hydrogen production of 99.17% purity, with a recovery of 58.94%. Xiao et al. [29] simulated 
a one-bed, four-step PSA cycle for a mixture of 67% H2, 28% CO2, and 5% N2 and found that 
hydrogen with 98.249% purity at 49.8% recovery could be produced. In addition, for a 
mixture of 68% H2, 27% CO2, 5% CO, they achieved a hydrogen purity of 99.696% and a 
recovery of 47.75%. Shi et al. [30] designed a ten-bed PSA process with activated carbon 
(first layer) and zeolite 5A (second layer) for producing hydrogen with 99.99% purity and 
85% recovery from syngas with a composition of 76% H2, 20% CO2, 3.5% CH4 and 0.5% CO, 
produced in a SMR unit.  
Carbon monoxide is detrimental for fuel cell performance due to blocking and consequently 
reducing active sites on the catalyst for hydrogen oxidation. Values as high as 100 ppm CO 
cause sudden and rapid failure of fuel cells, and those as low as 10 ppm can still have 
detrimental effects for fuel cell performance [1,31–33]. Therefore, CO concentrations below 
0.2 ppm have been typically considered for assuring effective long- term performance of 
fuel cells [34,35]. Methane is another impurity which can also be removed by conventional 
adsorbents like activated carbon [36–38]. To produce hydrogen with fuel cell specifications, 
various cyclic adsorption methods like PSA, PVSA and temperature swing adsorption (TSA) 
can be used. Golmakani et al. [26] found that the PVSA method exhibits superior 
performance with respect to recovery, purity, productivity and energy consumption, 
compared to the other two cyclic methods for ultra-pure hydrogen production.  
Reduction of the energy consumption and increase of hydrogen recovery and productivity of 











sorbents with relatively high removal efficiencies for CH4, CO, CO2, and N2; however, 
developing such adsorbents is still challenging. This study investigates the effect of 
impurities on hydrogen recovery, productivity and energy consumption, in order to identify 
the most critical impurities, which would lead to development of adsorbents with higher 
adsorption capacity towards those impurities. Accordingly, a 4-bed PVSA process with 16 
steps was designed, in which each adsorption bed consisted of two layers—activated carbon 
and zeolite 5A. The concentration profiles of various impurities along the activated carbon 
and zeolite layers were simulated to evaluate the removal efficiencies of the layers for the 
tested impurities, and to identify the most critical impurities, i.e., those with the highest 
concentrations at the outlet of the adsorption bed. Furthermore, since it is known that N2 is 
the most critical impurity, purification of two feeds with different concentrations of N2 were 
simulated to explore their effect on the PVSA process performance parameters (hydrogen 
purity, productivity, recovery, and energy consumption).  
 
2. Process Description 
A schematic of a SMR hydrogen production plant is presented in Figure 1. The product from 
the SMR unit enters the PVSA unit at a pressure higher than 22 bar and this PVSA unit 
produces hydrogen with 99.99 vol% purity for use in fuel cells. The composition of syngas 
from the SMR unit differs according to the technology provider, since each licensor of SMR 
units has different catalysts and different operating conditions. The typical nitrogen 
concentration in syngas is 1-3% [26,28] and, therefore, two feeds with nitrogen contents at 
the lower and upper limits were selected to investigate the effect of this impurity. The 
compositions of two feeds were 75% H2, 18% (20%) CO2, 3.2% CH4, 0.7% CO, and 3.1% 












Figure 2 illustrates different time steps for the proposed PVSA process. The first step of the 
PVSA process is adsorption and providing purge (AD & PPG). Two equalisation steps are 
applied to increase recovery of hydrogen. At the time when one of the beds is at the first 
depressurisation step (ED1), another bed is being pressurised for the second stage (EP2). At 
the second depressurisation step (ED2) of the aforementioned bed, the other bed is at its 
first pressurising stage (EP1). Blow down (BD) and vacuum (VA) steps are used for 
regenerating the beds. The purge step (PG) is implemented under vacuum conditions in 
order to regenerate the beds more efficiently. 
 
Figure 3 illustrates the 4 main steps of a cycle. At the first step (A1 = 10 s), beds 1 and 2 are 
at adsorption (AD) and blow down (BD), respectively, while, beds 3 and 4 are at 
equalisation, i.e., bed 3 is in the second pressurisation (EP2 and bed 4 is in the first 
depressurisation (ED1). At the second step (A2 = 20 s), the conditions of all beds are the 
same, except for bed 2, which is under vacuum (VA). At the third step (A3 = 40 s), bed 1 is 
still in adsorption, and also providing purge (AD&PPG) for regeneration of bed 2, which is at 
purge (PG). At the same time, the conditions of beds 3 and 4 are the same as those during 
the previous step (EP2, ED1, respectively). At the fourth step (A4 = 20 s), beds 2 and 4 are 
connected to each other; bed 2 is in the first pressurisation (EP1) and bed 4 is in the second 
depressurisation (ED2), and bed 3 is being re-pressurised (RP) by the inlet feed stream. 
Following the same sequence of the same time steps, but with different beds, the cycle 












The simulated small-scale PVSA unit consists of 4 beds and each bed has two layers, 
activated carbon and zeolite 5A, respectively, with the bed specifications presented in Table 
1.  
 
3. Process Simulation and Modelling 
The assumptions used for modelling in this study are summarised below: 
1- Peng-Robinson equation of state was used for gas phase.  
2- Constant and uniform bed and particle porosity is considered for each layer. 
3- Axially-dispersed plug-flow was considered.  
4- Radial gradients of heat and mass were neglected. 
5- Ergun equation was used for estimating pressure drop along bed. 
6- Gas-to-particles mass transfer was measured by a solid linear driving force model. 
7- Extended Langmuir was considered for adsorption isotherms.  
8- The particle and gas phase temperatures are different. 
The governing equations used for simulating the PVSA process are reported in Table 2. 
These partial differential equations (PDEs) were converted to ordinary differential equations 
(ODEs) and the implicit Euler method was used for solving them. The finite difference 
method was used for discretisation of spatial first and second derivatives. Each bed was 
divided into 50 nodes and the time interval for solving ODEs was 1 s. The Langmuir model 
parameters and linear driving force (LDF) coefficients for each gas are presented in Table A1 
of the Appendix [39]. The boundary and initial conditions for each step are summarised in 
Table A2 of the Appendix. Cyclic steady state (CSS) conditions are obtained at a relative 
tolerance of 10-6 for product composition in 2 successive cycles. The process model was 
validated according to the experimental data presented in our previous study [26].  
 
Hydrogen purity (vol%) and concentration of CO (ppm) in the product at the CSS conditions 
are calculated using Eq. (8) and Eq. (9): 
 










CO (ppm) = ∫ CCOPusptadsO dt∑ ∫ CipuspdttadsOni=1 × 106 9 
where CH2P and CCOP are hydrogen and carbon monoxide concentrations at the bed outlet, 
respectively, Cip is component i concentration at outlet of bed and usp is superficial velocity 
at product end. The recovery is a good performance indicator for estimating the efficiency 
of a PVSA process because it represents the ratio of produced hydrogen with the fuel cell 
specification and hydrogen that enters the bed, and it is calculated by Eq. (10): 
Recovery = ∫ CH2PusptadsO dt − ∫ CH2PuspurgetpurgeO dt∫ CH2fusfeedtadsO dt +  ∫ CH2fusfeedtrepressO dt 10 
where usfeed is feed end superficial velocity and uspurge is superficial velocity at the inlet of 
bed during the purge step. Another criterion for measuring performance of a plant is 
productivity, Eq. (11). It indicates the hydrogen production in a cycle per unit of adsorbent 
weight. 
Productivity = (∫ CH2PusptadsO dt − ∫ CH2PuspurgedttpurgeO ) Abedtcyclewads  
 
11 
The power consumption in vacuum and purge steps is calculated by Eq. (12) [42]: 
Powerva(W) = γγ − 1 RgTgf [(PatmPva )γ−1γ − 1] usfeed Cfeed,TπRBi2  12 
The average required energy is calculated by Eq. (13): 
𝐸𝑛𝑒𝑟𝑔𝑦avg( jmol H2prod.) =  ∫ Powervadttva+tpgo(∫ CH2PusptadsO dt − ∫ CH2PuspurgetpurgeO dt)Abed 13 
 
4. Results and discussion 
The simulation results of the PVSA process for two feeds which produce hydrogen with fuel 
cell specifications are provided in Table 3. All the runs were performed by the PVSA method 











higher nitrogen concentration (3.1% N2) is presented in run 1 and those for the second feed, 
with 1.1% N2, are presented in runs 2 and 3.  
Each run in Table 3 is performed for several cycles, and after reaching CSS conditions the 
purity, recovery, productivity, and energy consumption are calculated. Figure 4 shows the 
purity of produced hydrogen and recovery at successive cycles for Run 1. It can be seen that 
after each cycle the purity decreases until it reaches 99.99%, and the recovery increases 
reaching a maximum at the CSS conditions. 
Runs 1 and 2 have the same conditions including the length of activated carbon and zeolite 
layers, purge-to-feed ratio, and vacuum level, and only differ in N2 and CO2 concentrations. 
As the hydrogen purity of run 2 satisfied the required specification for fuel cells (>99.99% 
H2), in run 3, the purge-to-feed ratio was decreased to generate a larger recovery and 
productivity, and reduced energy consumption, but still to meet the fuel cell specification of 
hydrogen purity.  
The performance parameter results of the second feed (runs 2 and 3) with 1.1 vol% N2 are 
better than those for the first feed with 3.1 vol% N2, especially with respect to recovery and 
energy consumption, and it can be concluded that nitrogen content in the feed is an 
important parameter for ultra-pure hydrogen production meeting required specifications of 
fuel cells. 
 
In order to understand the effect of nitrogen concentration in the feed gas on the purity of 
produced hydrogen, the impurity concentrations along each adsorbent layer were 
investigated. The concentration profiles of impurities along the activated carbon layer are 
provided in Figure 5a. It can be seen that major portions of CO2 and CH4 are removed from 











at the bed end have been plotted and it is observed that nitrogen is the main impurity, and 
its concentration is much higher compared to other impurities.  
 
To obtain a product within fuel cell specifications, a larger reduction in the nitrogen 
concentration is required (<0.01% N2). The low adsorption capacity of activated carbon for 
N2 is a barrier for ultra-pure hydrogen and, therefore, a second layer with relatively higher 
adsorption capacity toward N2 is necessary. Zeolite 5A is a commercial adsorbent currently 
used in industrial units for this purpose. In Figure 6a, the concentration of all impurities 
along the zeolite layer at the end of the adsorption step are depicted, and it is observed that 
nitrogen concentration is still much higher than that of other impurities. It can be seen that 
the fraction of all other impurities is negligible, confirming that the activated carbon layer, 
as the first layer, properly removed them. Their concentrations along the zeolite layer at the 
end of the adsorption step are depicted in Figure 6b, which shows that half of the zeolite 
layer is enough to remove all the remaining CO2, and full length of the zeolite layer was 
needed to lower the CO concentration to 0.2 ppm. These results further highlight the 
importance of having an adsorbent with a higher affinity towards nitrogen. Namely, despite 
its relatively low concentration (3.1% N2) compared to total concentration of other 
impurities (21.9% CO2+CH4+CO), nitrogen is almost the sole impurity at bed outlet.  
 
In order to explore the evolution of adsorption of impurities along the zeolite layer, their 
mole fractions along this layer from the start to the end of the adsorption step are depicted 
in Figure 7. It can be observed that the concentration of all impurities along the zeolite layer 
increases during the adsorption step, indicating that the activated carbon layer is being 
saturated, but the rates of increase for N2 and CO (Figures 7b and 7c) are much higher than 
those for CO2 and CH4 (Figures 7a and 7d).  
 
Figures 7a and 7d show that the concentrations of CO2 and CH4 approach zero at the end of 











concentrations decrease along the zeolite layer, which occurs for all impurities except 
nitrogen, for which the concentration decreases up to the middle of bed and then increases. 
To understand the reason for this phenomenon, the loading of nitrogen at the 
pressurisation steps (EP1, EP2 and RP), adsorption (AD) and purge (PG) steps is depicted in 
Figure 8b. It is observed that during the re-pressurisation step (RP), the loading of adsorbent 
at approximately the second half of the bed is higher than that at the adsorption step (AD), 
which implies that the adsorbent at the second half of the bed starts to desorb the nitrogen 
during the adsorption step, and this causes the nitrogen concentration to increase at the 
bed end. 
 
In Figure 8a, the nitrogen loading at various steps has been depicted. It is observed that 
during the depressurisation steps and even vacuum step, the loading of nitrogen increases 
along the zeolite layer, which shows that the bed is more saturated by nitrogen instead of 
being regenerated. In order to understand this behaviour, it is necessary to study the 
loading of the first layer. Figure 9 presents the loadings of different impurities in the 
activated carbon layer, which decrease during depressurisation steps. To understand why 
nitrogen concentration increased during the depressurisation steps along the zeolite layer 
(Figure 8), it should be considered that all the nitrogen, which was adsorbed by the 
activated carbon layer, is being desorbed during depressurisation. This nitrogen is adsorbed 
by the zeolite layer, which causes the nitrogen loading along this layer to increase. By 
comparing Figures 8 and 9, it can be concluded that the purge step is necessary for the 
zeolite layer, because at this step, this layer is being regenerated, while for activated carbon, 
the vacuum step also regenerates the bed, and the purge step does not contribute as much 












Figure 9a depicts the loading of CO2 along the activated carbon layer. It is observed that the 
CO2 loading is maximum at the inlet of the bed, but continuously decreases along the bed 
layer, and at the end of the bed approaches almost zero, which indicates the majority of the 
CO2 is removed at the beginning of the bed. It is also observed during depressurisation 
stages that the CO2 loading does not change as much in comparison to the adsorption step, 
which shows that lower pressure is needed for CO2 to start to desorb. At the blow down 
step, the CO2 loading at the bed inlet decreases about 35% compared to the adsorption step 
and, after vacuum and purge steps, CO2 loading decreases about 65% and 85%, respectively, 
which confirms these steps are regenerating the bed efficiently and the adsorbents at the 
bed inlet, which adsorb mostly CO2, are regenerated to a reasonable extent. 
Figure 9b shows the CH4 loading along the bed at various steps. Approximately half the bed 
is required to remove the CH4 from the feed. In addition, negligible loading values at the end 
of the bed indicate there is not much CH4 left in the gas stream. Moreover, since adsorbents 
have higher affinity for CO2, the maximum loading of CH4 occurs at some distance from the 
inlet, where CO2 concentration has already decreased. It is observed that during 
depressurisation steps (ED1, ED2), the CH4 loading decreases since the bonding of CH4 
molecules to the adsorbents is weaker than for CO2. It is also observed that the CH4 loading 
at the bed inlet decreases, while it increases at the bed outlet during depressurisation steps 
(ED1, ED2). In other words, the adsorbent at the end of the bed is adsorbing CH4 during 
depressurisation steps while desorbing CH4 at the bed inlet. The blow down and vacuum 
steps regenerated the bed sufficiently as the loading decreased considerably in each of 












Figure 9c shows the CO loading along the activated carbon bed. Unlike CH4 and CO2 with 
extremely low loading values over the second half of the bed, almost the entire bed length 
is used for removing CO during the adsorption step. During depressurisation steps, the CO 
loading at the bed inlet decreases, showing that it is regenerated. However, it can be seen 
that at the end of the bed, the CO loading is higher when compared to the adsorption step, 
indicating that during depressurisation steps (ED1, ED2), the adsorbents at the outlet of the 
bed are adsorbing CO. The use of the blow down step also cannot decrease the CO loading 
at the bed end; the CO loading is still higher than that of the adsorption step. However, the 
vacuum and purge steps cause the CO loading at the bed end to decrease, i.e. adsorbent is 
being regenerated. It is observed that at the end of the re-pressurisation step (RP), the 
loading of CO at the bed inlet (length < 0.1 m) is higher compared to the end of the 
adsorption step, which means that during AD, CO is being desorbed at the bed inlet, while 
being adsorbed at bed end. The reason for this phenomenon is that the adsorbent at the 
bed inlet has a greater tendency to adsorb CO2 and CH4; therefore, at the beginning of the 
adsorption step, CO is being desorbed at the inlet of the bed. Consequently, all the bed is 
used for removing CO, which is adsorbed mainly near the end of the bed.  
The N2 loading of activated carbon along the bed is given in Figure 9d. It is observed that N2 
and CO have the same pattern during depressurisation steps, i.e., N2 is desorbed at the 
beginning of the bed and is adsorbed at the bed end. The vacuum and purge steps are 
mandatory for regeneration of adsorbent at the bed end.  
The loading of various gases along the activated carbon bed at the end of the adsorption 
step is provided in Figure 10a. It can be seen that at the inlet of the bed, CO2 has the highest 











minimum loading values are for N2 and CH4, respectively. The reason for low loading of CH4 
at the end of the bed is attributed to its relatively low concentration in the gas phase. In 
addition, the majority of CH4 is removed at the inlet of the bed. On the other hand, the high 
loading of N2 at the end of the bed indicates that it has not been adsorbed along the 
activated carbon layer. 
 
According to the results presented in this study, it can be concluded that that nitrogen 
removal is more challenging than other impurities of syngas. In order to explore further the 
nitrogen effect on ultra-pure hydrogen production, purification of two syngas feeds was 
simulated and the results on purity, recovery, productivity and energy consumption were 
compared in Table 3. It was calculated that the first feed (run 1) produces hydrogen with 
99.990% purity and CO concentration of 0.19 ppm; the recovery is about 47%, and the 
energy consumption is 940 kJ/kgH2Prod. The performance parameters for the second feed 
(run 2) show that purity of produced hydrogen (99.997%) is much higher than hydrogen 
produced from the first feed. For fuel cell application, the required purity for hydrogen is 
99.99%; therefore, in run 3, the purge-to-feed ratio was decreased to 10% (from 25%) and it 
is observed that hydrogen of 99.991% purity is produced. The re-calculated result of the 
second feed (Run 3) shows 55% H2 recovery while the recovery from the first feed (Run 1) is 
47%. The energy consumption for the second feed (Run 3) is 430 kJ/kgH2Prod., which is about 
half that for the first feed (run 1).  
Figure 11 shows the fraction of nitrogen impurity along the zeolite layer for two different 











of the value for run 1, which results in a higher hydrogen purity for run 2 (99.997 vol%) 
compared to run 1 (99.990 vol%). 
 
5. Conclusions 
The PVSA process is currently the most established method to produce fuel-cell-purity 
hydrogen, but it is energy intensive, and interest in reducing the energy consumption by this 
process is growing. In this study, a 4-bed PVSA process model, with 16 steps including two 
equalisation steps for increasing recovery, was developed. Each bed consisted of two layers 
(activated carbon (AC)/zeolite 5A), a portion of the product was used for bed purging during 
the regeneration step, and the re-pressurisation step for each bed was implemented with 
the feed. The concentration profiles of all considered impurities were simulated, and it was 
found that the AC layer was sufficient for removing CH4, CO2, and CO. Zeolite as a second 
layer was required mostly to remove the remaining N2, which was not sufficiently efficient 
and N2 was the sole impurity at the bed outlet. The effect of N2 impurity on PVSA 
performance was further investigated by simulating two feeds with 3.1% and 1.1% N2. It was 
found that the energy consumption of the PVSA process for feed with 1.1% N2 was 430.5 
kJ/kgH2Prod., about 55% lower than that required for feed with 3.1% N2 (940.1 kJ/kgH2Prod.). 
Also, the H2 recovery from feed with 1.1% N2 was 55%, which is 8% higher than that from 
feed with 3.1% N2 (47%). Considering these results, the nitrogen in syngas entering the PVSA 
process is the most critical impurity; therefore, natural gas/syngas sources containing less 
nitrogen are required for producing hydrogen at lower costs. Finally, production of new 
adsorbents with higher affinity toward nitrogen can significantly reduce the energy 
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Figure 2. PVSA pressure profile and time table, AD: adsorption, AD&PPG: adsorption and providing 
purge, BD: blow down, ED1: first equalisation depressurisation, ED2: second equalisation 
depressurisation, EP1: first equalisation pressurisation, EP2: second equalisation pressurisation, RP: 












Figure 3. Schematic presentation of PVSA process steps for two time-steps, A and B. Abbreviations 
are the same as those in Figure 2. 
 












Figure 5. Mole fraction of impurities at end of adsorption step at CSS conditions for Run 1: (a) along 
activated carbon layer, and (b) at end of activated carbon layer. 
 
Figure 6. Mole fraction of impurities at end of adsorption step at CSS conditions for Run 1 along 












Figure 7. Mole fraction of impurities along zeolite layer at 30 s intervals during adsorption step at 












Figure 8. The nitrogen loading along the zeolite layer after CSS conditions (Run 1): (a) at various 












Figure 9. Impurities loading along activated carbon layer at various steps after CSS conditions for Run 
1: (a) CO2, (b) CH4, (c) CO, and (d) N2. 
 
Figure 10. Impurities loading at end of adsorption step after CSS conditions for Run 1: (a) along 












Figure 11. Mole fraction of nitrogen along zeolite layer after CSS conditions at end of adsorption step 













        Table 1. Specifications of bed and adsorbents. 
Parameter Value 
Diameter of bed, 𝐷𝐵(𝑐𝑚) 3.5 
Specific heat of wall, 𝐶𝑝𝑤( 𝐽𝑘𝑔 𝐾) 502.4  
Density of wall, 𝜌𝑤(𝑘𝑔𝑚3) 783 
Density of particle, 𝜌𝑝(𝑘𝑔𝑚3)  Activated carbon: 850, Zeolite 5A: 1160 
Specific heat of particle, 𝐶𝑝𝑠( 𝐽𝑘𝑔 𝐾) Activated carbon: 1047, Zeolite 5A: 920 
Porosity of particle, ϵp (-) Activated carbon: 0.61, Zeolite 5A: 0.65 
Porosity of bed, ϵ (-) Activated carbon: 0.433, Zeolite 5A: 0.357 
Particle diameter, dp (mm) Activated carbon: 2.3, Zeolite 5A: 3.14 
Bed length (cm) Activated carbon: 84.5 cm, Zeolite 5A: 35.5 cm 
Temperature of inlet feed (K) 303 
Pressure of inlet feed (bar) 22 
Volume fraction of feed (vol%) 
First feed: 75% H2, 18% CO2, 3.2% CH4, 0.7% CO, 3.1% N2,  
Second feed: 75% H2, 20% CO2, 3.2% CH4, 0.7% CO, 1.1% N2 













Table 2. Governing equations for PVSA simulations. 
Description Formulation  
component i mass balance in gas 
phase 
𝜕𝜕𝑧 (𝜀𝐷𝑧,𝑖𝐶𝑔𝑇 𝜕𝑦𝑖𝜕𝑧 ) − 𝜕𝜕𝑧 (𝑢𝑠𝐶𝑔,𝑖) − 𝜀 𝜕𝐶𝑔,𝑖𝜕𝑡 − (1 − 𝜀)𝜌𝑝 𝜕𝑞𝑖𝜕𝑡 = 0 1 
linear driving force (LDF) model  𝜕𝑞𝑖𝜕𝑡 = 𝜔𝑖(𝑞𝑖∗ − 𝑞𝑖) 2 
gas mixture adsorption 
equilibrium  𝑞𝑖∗ = (𝑘1,i + 𝑘2,i T )𝑘3,i  exp(k4, i𝑇 ) 𝑃𝑖1 + ∑ 𝑘3,i exp (k4, i𝑇 ) 𝑃𝑖𝑛𝑖=1  
3 
energy balance in gas phase 𝜕𝜕𝑧 (𝜆 𝜕𝑇𝑔𝜕𝑧 ) − 𝐶𝑔𝑇𝐶𝑝 𝜕(𝑢𝑠𝑇𝑔)𝜕𝑧 − 𝜀𝐶𝑣𝑇𝑔 𝜕𝐶𝑔𝑇𝜕𝑡 − (1 − 𝜀)𝑎𝑝ℎ𝑓(𝑇𝑔 − 𝑇𝑝)− 4ℎ𝑤𝐷𝐵 (𝑇𝑔 − 𝑇𝑤) − 𝜀𝐶𝑔𝑇𝐶𝑉 𝜕𝑇𝑔𝜕𝑡 = 0 
4 




wall energy balance 𝜌𝑤𝐶𝑝𝑤𝐴𝑤 𝜕𝑇𝑤𝜕𝑡 = 2𝜋𝑅𝐵𝑖ℎ𝑤(𝑇𝑔 − 𝑇𝑤) − 2𝜋𝑅𝐵𝑜ℎ𝑜(𝑇𝑤 − 𝑇∞) 6 
pressure drop across bed (Ergun 
equation) [40,41] 


















Vacuum H2 Purity H2 Recovery H2 Productivity CO Energy 
Run Total Zeolite 
Activated 
Carbon 
% bar (vol%) (%) 
𝑚𝑜𝑙 𝐻2𝑘𝑔𝑎𝑑𝑠𝑑𝑎𝑦 (𝑝𝑝𝑚) 𝑘𝐽𝑘𝑔𝐻2𝑝𝑟𝑜𝑑 
First feed (75% H2, 18% CO2, 3.2% CH4, 0.7% CO, 3.1% N2) 
1 120 35.5 84.5 25 0.2 99.990 47.5 148.0 0.19 940.1 
Second feed (75% H2, 20% CO2, 3.2% CH4, 0.7% CO, 1.1% N2) 
2 120 35.5 84.5 25 0.2 99.997 46.8 148.0 0.14 850.1 














Table A1: extended Langmuir isotherm parameters for Activated Carbon and Zeolite 5A [39] 
  LDF coeff. K1 K2 K3 K4 
  ωi (mol/kg) (mol kg-1 K-1) (1/bar) (K) 
  Activated Carbon 
CH4 0.19 23.86 -0.0562 0.00348 1159 
N2 0.26 1.64 -0.00073 0.0545 326 
CO 0.15 33.85 -0.0907 0.000231 1751 
H2 0.7 16.94 -0.021 0.0000625 1229 
CO2 0.035 28.79 -0.07 0.01 1030 
  Zeolite 5A 
CH4 0.147 5.833 -0.01192 0.000605 1731 
N2 0.099 4.8133 -0.00668 0.000570 1531 
CO 0.063 11.8454 -0.0313 0.0202 763 
H2 0.7 4.314 -0.0106 0.002515 458 




Table A2: The Boundary and initial conditions of each step for PVSA process 
Initial conditions 
t=0 for 𝑖 ≠ 𝐻2    𝑦𝑖 = 𝐶𝑔,𝑖 = 𝑞𝑖 = 0,   𝑦𝐻2 = 1     𝑇𝑔 = 𝑇𝑝 = 𝑇𝑤 = 𝑇𝑖𝑛𝑙𝑒𝑡 
Blowdown Step 
outlet Y=0 Y=L 𝜕𝑦𝑖𝜕𝑧 = 0 𝜕𝑦𝑖𝜕𝑧 = 0 𝑃(𝑡) = 𝑃𝑎𝑡𝑚 + (𝑃𝑠𝑏𝑑 − 𝑃𝑎𝑡𝑚)𝑒(−𝑘𝑝𝑡) 𝑢𝑠 = 0 𝜕𝑇𝑔𝜕𝑧 = 0 𝜕𝑇𝑔𝜕𝑧 = 0 
Adsorption step 
Bed inlet (Y=0) Bed end (Y=L) 𝑢𝑠𝑓𝑒𝑒𝑑𝐶𝑓𝑒𝑒𝑑,𝑖 = 𝑢𝑠𝐶𝑔,𝑖 − 𝜀𝐷𝑧𝐶𝑔𝑇 𝜕𝑦𝑖𝜕𝑧  𝜕𝑦𝑖𝜕𝑧 = 0 𝑃 = 𝑃𝑓𝑒𝑒𝑑  𝑃 = 𝑃𝑒𝑥𝑖𝑡  𝑢𝑠𝑓𝑒𝑒𝑑𝐶𝑓𝑒𝑒𝑑,𝑇𝐶𝑃𝑇𝑓𝑒𝑒𝑑 = 𝑢𝑠𝐶𝑔𝑇𝐶𝑃𝑇𝑔 − 𝜆 𝜕𝑇𝑔𝜕𝑧  𝜕𝑇𝑔𝜕𝑧 = 0 
Both equalisation depressurising steps (ED1 and ED2) 
Y=0 Y=L 𝜕𝑦𝑖𝜕𝑧 = 0 𝜕𝑦𝑖𝜕𝑧 = 0 𝑢𝑠 = 0 𝑃 = 𝑃𝐻 + (𝑃𝑒𝑞𝑢𝑖𝑏. − 𝑃𝐻)(1 − 𝑒−𝑘𝑝𝑡) 𝜕𝑇𝑔𝜕𝑧 = 0 𝜕𝑇𝑔𝜕𝑧 = 0 
purge step 
outlet Y=0 inlet Y=L 𝜕𝑦𝑖𝜕𝑧 = 0 𝑢𝑠𝑝𝑢𝑟𝑔𝑒𝐶𝑝𝑢𝑟𝑔𝑒,𝑖 = 𝑢𝑠𝐶𝑔,𝑖 − 𝜀𝐷𝑧𝐶𝑔𝑇 𝜕𝑦𝑖𝜕𝑧  











𝜕𝑇𝑔𝜕𝑧 = 0 𝑢𝑠𝑝𝑢𝑟𝑔𝑒𝐶𝑝𝑢𝑟𝑔𝑒,𝑖𝐶𝑃𝑇𝑓𝑒𝑒𝑑 = 𝑢𝑠𝐶𝑔𝑇𝐶𝑃𝑇𝑔 − 𝜆 𝜕𝑇𝑔𝜕𝑧  
Both equalisation pressurising steps (EP1, EP2) 
Y=0 Y=L 𝜕𝑦𝑖𝜕𝑧 = 0 𝑢𝑠𝑒𝐷𝐶𝑒𝐷,𝑖 = 𝑢𝑠𝐶𝑔,𝑖 − 𝜀𝐷𝑧𝐶𝑔𝑇 𝜕𝑦𝑖𝜕𝑧  𝑢𝑠 = 0 𝑃 = 𝑃𝐻 + (𝑃𝑒𝑞𝑢𝑖𝑏. − 𝑃𝐻)(1 − 𝑒−𝑘𝑝𝑡) 𝜕𝑇𝑔𝜕𝑧 = 0 𝑢𝑠𝑒𝐷𝐶𝑒𝐷𝑇𝐶𝑃𝑇𝑒𝐷𝑇 = 𝑢𝑜𝐶𝑔𝑇𝐶𝑃𝑇𝑔 − 𝜆 𝜕𝑇𝑔𝜕𝑧  
Re-pressurisation step with feed 
Bed inlet (Y=0) Bed end (Y=L) 𝑢𝑠𝑓𝑒𝑒𝑑𝐶𝑓𝑒𝑒𝑑,𝑖 = 𝑢𝑠𝐶𝑔,𝑖 − 𝜀𝐷𝑧𝐶𝑔𝑇 𝜕𝑦𝑖𝜕𝑧  𝜕𝑦𝑖𝜕𝑧 = 0 𝑃 = 𝑃𝑓𝑒𝑒𝑑 + (𝑃𝑠𝑟𝑝 − 𝑃𝑓𝑒𝑒𝑑)𝑒−𝑘𝑝𝑡  𝑢𝑠 = 0 𝑢𝑠𝑓𝑒𝑒𝑑𝐶𝑓𝑒𝑒𝑑,𝑇𝐶𝑃𝑇𝑓𝑒𝑒𝑑 = 𝑢𝑠𝐶𝑔𝑇𝐶𝑃𝑇𝑔 − 𝜆 𝜕𝑇𝑔𝜕𝑧  𝜕𝑇𝑔𝜕𝑧 = 0 
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